Introduction
As a well known nanotemplate, anodic alumina mem branes have been widely used in fabricating different one dimensional (lD) nanostructures,[ I -51 especially after the large improvement in the pore regularity of alumina membranes based on a two step anodization process,l6,7[ The synthesis of ordered arrays of 1D nanostructures benefits from the regularly arrayed pores of alumina membranes with monodisperse diameters. Recently, using ultrathin alumina membranes (UTAMs) as the evaporation or etching masks, large scale ordered arrays of surface nanostructures (e.g., nanodots and nanoholes) have been successfully synthesized on the surface of substrates (mainly Si wafers).l7- 12 em -2 ) of the surface nanostructures, and low equipment costs.
There are two challenging technical points preventing th e existing UT AM patterning and template directed processes from synthesizing regularly arrayed nanostructures in the quantum size range (below 10 20 nm). First, although the minimum pore diameter of al umina membranes is about 10 nm, the arrangement regularity and monodispersity of pores are poor when the pore diameter is smaller than 20 nm. This largely limi ts the investigation of the quantum confinement effect based on the template prepared ordered arrays of nanostruc lures with monodisperse diameter. Second, the aspect ratio of the pores of UT AMs that are suitable for use in the surface nanopatterning process should be smaller than 10,[8 1 for example, the thickness of a UT AM with 20 nm diameter pores should be smaller than 200 nm . However, when UT AMs are prepared usi ng sulfuric acid solutions (the solutions to prepare membranes with smaller pores, e.g., 20 nm), the large growth rate of alumina layers in the sulfuric acid solutions makes it hard to obtain UTAMs with thicknesses smaller than 200 nm (aspect ratio is 10 for 20 nm diameter pores) . This is the reason why so far the anodization process of UT AMs is limited to oxalic acid solutions,l1-'![ giving UT AMs with pores larger than 30 nm . And it is difficult to obtain small pore UTAMs (with pore diameters smaller than 20nm) that are suitable to be used for the surface patterning process. This prevents the fabrication of quantum sized surface structures using the UT AM patterning technique. Thus one of the most attractive features of nanomaterials, the quantum confinement effect, is missing in the UTAM surface nanopatterning process.
In this Full Paper, we show a new route to prepare UT AMs with regularly arrayed pores in the quantum size range and consequently to synthesize ordered arrays of quantum dots. First, modulators were introduced into the anodization solutions, which significantly decreased the anodizalion current and the growth rate of UT AMs. Based on this low growth rate, UT AMs with a thickness of about 80 nm were prepared, and regular arrays of nanodots with diameters of about 20 nm were fabricated using these UT AMs. More importantly, we proposed a well controlled pore opening process of UT AMs. Using the process, the diameter of pore openings of UT AMs is well controlled in the range of 5 to 27 nm. Ordered arrays of surface nanodots within a similar size range can be fabricated using these UT AMs. Here we show the fabrication of regular nanodots with an average diameter of about 17 nm . This is the first time in realizing regularly arrayed pores and surface nanostructures in the quantum size range using the UT AM surface patterning and template directed technique.
Results and Discussion
Our UT AM surface nanopatterning process starts with a two step anodization process (Figure 1 ) using 0.3 M sulfuric acid solutions with mixed solvents of water and a modulator (glycol). The volume ratio of glycol to water is 3:2. Due to the low freezing point of glycol, the anodization process can be carried out at an extremely low temperature of 20 DC without a stirring of electrolytes. The anodization current is much smaller than that of the anodization process using 0.3 M sulfuric acid solutions at 0 D C, resulting in a much lower growth rate of UT AMs compared to that of the UT AMs prepared using non modulated sulfuric acid solution. Due to this much lower growth rate, a UTAM with a thickness of abo ut 80nm was prepared on a Si substrate (Figure ' Ii). This UTAM was synthesized using a short anodization time of 5.5 min under 25 V. The 80 nm thickness of the UT AM suggests a growth rate of about 15 nm min -I, which isjust about 11100fthe growth rate of about 150 nm min ·· 1 of the UT AMs prepared using 0.3 M non modulated sulfuric acid solution at 0 DC. Using this UATM, ordered arrays of Au nanodots with diameters of about 20nm were prepared ( Figure Ii) .
The voltage " breakdown" point (or "burning" point) of the anodic alumina layer prepared usi ng non modulated sulfuric acid solutions is about 25 27 V. This brea kdown anodization is caused by the high reaction heat of a relatively high anodization current. The pore cell size (interpore distance) of the alumina membranes prepared under 27 V using sulfuric acid solution is about 65 nm . Moreover, the smallest cell size of the self ordering pores of the alumina membranes prepared using oxalic acid solution is about 100 nm. Therefore, it is hard to prepare alumina membranes with a self ordering range (cell size) in the range of 65 100 nm using conventional non modulated anodiza tion processes. In our experiments, by adding a modulator in the anodiza tion solution, the ex tremely low anodization current and temperature largely suppress th e breakdown effect and cnahlc a uniform grow th of oxide films at a higher voltage. Using glycol as th e modulator, it is found that the anodization voltage can be extended from 25 27 V to 40 Vat 4 D C in a 0.3 M modulated sulfuric acid solution without a special cool system and vigorous stirring, which means that the breakdown voltage could be even hi gher than 40 V (e.g. , using 20 D C anodization To obtain regular pores of UT AMs and hence UT AM prepared nanostructures within the quantum size range, a well controlled pore opening process of the barrier layer of UT AMs was introduced in this work (Figure 4 ). There is an alumina barrier layer between the pore bottom and the aluminum foil of the as prepared anodic alumina membranes. T his thin non porous barrier layer has a hemispherical and scalloped geometry (Supporting Information, Figure Sl) . ing solutions, the barrier layer can be thinned and finally removed.
The UT AMs used in our experiments for the pore opening process were prepared using 0.3 M modulated sulfuric acid solution (glycol :water = 3:2) under 25 V at 4°C. The cell size, pore diameter, and the barrier layer thickness of the as prepared UTAMs are about 60, 20, and 20nm, respectively. The pore opening process was carried out using a 5 wt% H3 PO~ solution at 30°C. Before the etching, UT AMs were covered by a protecting PMMA layer on the top so that the H) P0 4 solution can only etch on the bottom surface of the barrier layer. Figure 4 shows the bottom surface of UTAMs in the pore opening process (for details see Figure S2 Figure S3 . The diameter of the pore openings can be controlled based on the adjustment of th e etching time. Figure 4 also shows the etching mechanism of the pore opening process (for details see Figure S4 in the Supporting Information). As shown in Figures 4a and S4a, due to th e reaction of the acid solution with th e alumina on the surface of barrier layer, many acid ions are consumed near the surface of barrier layer and it needs ionic compensation from the bulk solution so as to keep the ionic concentration. However, th e ionic compensation should be relatively easier at the top (center) of the hemispherical barrier layer than that at the bottom (the joint points of the two adjacent barrier layers). Thus the ionic concentration at th e top of the hemispherical barrier layer is higher than that at the bottom , resulting in a faster etching rate at the top than at th e bottom of barrier layer (as indicated by th e arrows in Figures 4a and S4a; the etching rate is proportional to th e length of arrows). After about 13 min of etching, the center point of th e hemispherical barrier layer starts to open , while the other parts of the barrier layer keep closed ( Figure S4c) . With further etching, the pore opening becomes larger. The pore opening size increases with the etching time (Figures S4d to S4h) . Meanwhile, the acid solution goes into the pores via th e pore openings and etches the pore walls, that is, there is a pore widening process accompanying the pore opening process. The double sided etching on the barrier layer ( Figures S4d to S4g) tIattens the hemispherical barricr layer, and finally an almost tIat bottom surface of the UTAM is obtained ( Figure S4h ) .
UT AMs with pore openings smaller than 20 nm can be used to fabricate ordered arrays of quantum dots. Using an UT AM with pore openings of about 17 nm diameter (as shown in Figure 4d ), large scale (~2 cm 2 ) ordered arrays of Au quantum dots were prepared on a Si substrate ( Figure Sa) . Based on the hi stogram and its Gaussian fit curve (Figure 5b ) ofthe measured diameters of the Au nanodots, the average diameter of the nanodots is abo ut 17.02 nm. This advances the capability of the UT AM patterning technique for the fabrication of quantum sized surface nanostructures. 
Conclusion
In summary, we report here a combined synthesizing m ethod of UT AMs based on a well controlled pore opening process and a modulated anodization process. Using the method, UT AMs with regularly arrayed pore openings in the quantum size range and ordered arrays of quantum dots were realized, which is an important breakthrough in surface nanopatteming and the template directed technique. The large scale ordered arrays of quantum sized surface structures are promising candidate structures for new types of optoelectronic and display devices on the basis of the quantum confinement effect.
Experimental Section
Fabrication of UTAMs and Nanodot Arrays: UTAMs were prepared using a two-step anodization process. High-purity (99.999%) aluminum foils with a thickness of about 0.22 mm were used. Before the anodization process, the AI foils were degreased with acetone and annealed at 400 O( for 4 h, followed by an electropolishing process in a mixture solution of perchloric acid and ethano l (1 :9 v/v) at a constant current density (750mAcm · for 12h ( Figure Ib) . The specimen was anodized again for a short time period using the same solution and anodization voltage as those of the first anodization process, and finally a UTAM was obtained (Figure l c) . Due to the low freezing point of the modulator, the anodization process can be carried out at a low temperature of 20 0 ( without a stirring of the electrolytes. Thus the anodization current is much sma ller than that of the anodization process using 0.3 M nonmodulated sulfuric acid solution at O°c. The time for the second anodization is in the range of 5-15 minutes depending on the requ ired thickness of UTAM_ The anodization voltage can be adjusted in a range of 25-40 V (in the meantime, the voltage of the first and second anodization pro cess is kept at the sam e value), resulting in UTAMs with different structura l parameters, including the pore diameter and cell size.
After the fabrication of an UTAM on an AI foil (Figure la-c) , a PMMA layer was spin -coated on the top of the UTAM using a 6% PMMA/chlorobenzene solution with a heat-treatment process at 120 O( for 25 mins ( Figure Id) . After that, the AI layer on the back was removed in a mixture of (u(1 2 and H(!. The removal of the barrier layer was carried out in a H) PO " solution (5 wt%), forming an UTAM with a PMMA layer on the top. Then the UTAM/PMMA was mounted on a Si wafer (Figure le) . The PMMA layer was removed using acetone ( Figure 11) , and the UTAM was finally attached on the substrate with acetone. Au nanodot arrays were thermally evaporated using an Edwards Auto 306 Evaporator ( Figure Ig) . After the preparation of Au nanodot arrays, the UTAM was etched away using a H 3 P0 4 solution (5wt%), leaving high ly ordered Au nanodot arrays on the surface of the substrate (Figure 1 h) . The area of the UTAM (and the Au nanodot array) is about 2 cm 2 with our current anodization setup and can be as large as severa l tens of square centimeters with a modified setup .
Characterization: The structure of the UTAMs and nanodot arrays was observed using a scanning electron microscope [(SEM), Zeiss 1540 EsB (rossBeaml and an atomic force microscope (Shimadzu SPM-9600, phase operation mode) .
